Expansion of CAG/CTG trinucleotide repeats causes numerous inherited neurological disorders, including Huntington's disease (HD), several spinocerebellar ataxias and myotonic dystrophy type 1. Expanded repeats are genetically unstable with a propensity to further expand when transmitted from parents to offspring. For many alleles with expanded repeats, extensive somatic mosaicism has been documented. For CAG repeat diseases, dramatic instability has been documented in the striatum, with larger expansions noted with advancing age. In contrast, only modest instability occurs in the cerebellum. Using microarray expression analysis, we sought to identify the genetic basis of these regional instability differences by comparing gene expression in the striatum and cerebellum of aged wild-type C57BL/6J mice. We identified eight candidate genes enriched in cerebellum, and validated four-Pcna, Rpa1, Msh6 and Fen1-along with a highly associated interactor, Lig1. We also explored whether expression levels of mismatch repair (MMR) proteins are altered in a line of HD transgenic mice, R6/2, that is known to show pronounced regional repeat instability. Compared with wildtype littermates, MMR expression levels were not significantly altered in R6/2 mice regardless of age. Interestingly, expression levels of these candidates were significantly increased in the cerebellum of control and HD human samples in comparison to striatum. Together, our data suggest that elevated expression levels of DNA replication and repair proteins in cerebellum may act as a safeguard against repeat instability, and may account for the dramatically reduced somatic instability present in this brain region, compared with the marked instability observed in the striatum.
INTRODUCTION
Expansions of CAG/CTG trinucleotide repeat sequences (TNRs) cause numerous inherited neurological disorders, including Huntington's disease (HD), myotonic dystrophy (DM1) and several spinocerebellar ataxias (SCAs) (1, 2) . Longer CAG repeat sequences inversely correlate with worsening disease severity and earlier age of onset. TNR tracts ,35 units are generally stable, while tracts .35 units, referred to as expanded trinucleotide repeats, become unstable and have the propensity to expand further. The molecular events that underlie trinucleotide repeat instability are still poorly understood (3) . For some expanded trinucleotide repeat alleles, extensive 'somatic mosaicism' has been documented, wherein variation in repeat length (both between and within tissues) exists (4, 5) . Somatic mosaicism has been shown to be age-dependent, highly tissue-specific and associated with disease progression (2, 6) .
The CAG repeat diseases display significant somatic mosaicism, with HD being the first CAG repeat disease documented to show this phenomenon (7) . One striking feature of repeat mosaicism in HD CNS is the non-random differential pattern of expanded repeats present between different central nervous system (CNS) regions. Analysis of autopsied HD patient brains and transgenic mice indicates that the striatum displays the largest range of CAG repeats, while the cerebellum contains CAG repeats that are much smaller (8) . Thus, instability is greater in the striatum than in the cerebellum in HD. Studies of dentatorubral-pallidoluysian atrophy (DRPLA), DM1, SBMA, SCA1 and SCA3 have also demonstrated that the smallest expansions occur in the cerebellum (1,9 -14) . These profiles parallel the patterns observed in CNS tissues in HD, despite the fact that different populations of neurons degenerate in each of these six diseases. This suggests that CNS somatic mosaicism patterns may be independent of the disease process or repeat locus and that instead, the cellular characteristics of a tissue type dictate differences in the degree of repeat instability.
Mouse models of CAG/CTG repeat instability accurately recapitulate somatic instability patterns documented in human patients, with the extent of mosaicism observed in different somatic tissues and brain regions mimicking that seen in human patients, although they do not accurately model the dramatic intergenerational expansions seen in human disease (15 -19) . PCR analysis of repeat length variation in striata from HD and SCA1 mouse models revealed dramatic instability -with rare changes of .150 CAG repeats, whereas cerebellar repeat variation was modest by comparison (19, 20) . In these disease models and a SCA7 mouse model, age correlates with somatic instability, with extensive variation in repeat length size only clearly emerging once the mice are well into adulthood, with prominent repeat instability noted both in the CNS (cortex, striatum) and periphery (kidney, liver) (15, 19, 20) . It is well known that CAG repeat-expanded RNAs and polyglutamine-expanded proteins result in altered splicing and expression of many genes (21 -24) . Yet the presence of cell-type and age-specific repeat instability in the cerebellum and striatum in multiple different diseases suggests that tissue-specific differences in the expression of trans-acting protein factors may account for differences in somatic instability between these two brain regions. In this work, we considered repeat instability mechanisms operating in different regions of the brain, as most CAG/CTG repeat diseases are characterized by progressive neurodegeneration accompanied by differences in expanded repeat lengths in various CNS regions. The fact that somatic mosaicism of expanded repeats appears invariant in certain brain regions led us to ask whether comparison of a highly unstable brain region (striatum) with a highly stable brain region (cerebellum) might yield insights into the trans-acting factors that either promote instability or prevent it.
RESULTS

Microarray expression analysis of cerebellum and striatum
To identify differentially regulated transcripts that might underlie somatic instability differences between the cerebellum and striatum, we performed a microarray expression analysis. Somatic instability increases dramatically with aging; thus, we studied wild-type C57BL/6J mice at 40 weeks of age, as marked regional instability differences emerge in most repeat disease mouse models by this time. For this study, we dissected out the striatum and cerebellum of six mice, three males and three females, and isolated total RNA. We then analyzed these samples using the Affymetrix Murine 430A GeneChip array, containing 14 000 annotated mouse genes. To assess the validity of this data set, we generated a microarray correlation heat map of the transformed sample intensities. Importantly, we found that the transcriptional signatures of the six individual cerebellar samples were highly correlative and the transcriptional signatures of the six striatal samples were also highly correlative, but they were not correlative with each other (Fig. 1A) . In addition, we found that there was no profile clustering based on mouse gender (Fig. 1A) . This indicates that the samples represent reliable transcriptional profile replicates within each tissue, while there are marked differences between the two tissue types, as expected. By referencing a C57BL/6J in situ hybridization expression library (www.alleninstitute.org; http:// mouse.brain-map.org, last accessed on 5 November 2013.) (25) , we further validated the reliability of our microarray findings by examining the genes with the highest expression in each tissue from our microarray, and observing that these genes were respectively highly expressed cerebellar genes (Supplementary Material, Fig. S1A and B and Table S1), and highly expressed striatal genes (Supplementary Material, Fig. S1C and D and Table S2 ). Analysis of the microarray expression array data set was performed using Affymetrix expression console software. By applying Robust Multichip Average (RMA) analysis (26-28), we obtained intensity values for each probe. Probe values for the cerebellar data set were then compared with probe values for the striatal data set, using a paired t-test to identify probes that are differentially expressed among the tissue types. In this way, we identified 2655 differentially expressed genes with a P-value of ,0.002.
Identification of differentially regulated pathways
To investigate which pathways are down regulated in the striatum in comparison to cerebellum, we used DAVID (Database for Annotation, Visualization and Integrated Discovery) to analyze all significantly regulated genes (29, 30) , with a threshold significance of P , 0.002 and a fold difference of at least 
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Of the genes listed in Table 1 , we selected a subset (Pcna, Rpa1 and Msh6) with well-established roles in repeat instability (3, 36) to study in detail.
Pathway analysis underscores importance of DNA replication and DNA repair in somatic instability differences
Using the 'Search Tool for the Retrieval of INteracting Genes/ proteins' (STRING v9.0) (37) analysis to interrogate the protein interaction network centered at PCNA, RPA1 and MSH6, we noted that the resulting network highlights essential components of DNA replication and repair (Fig. 1B) . Our STRING analysis yielded a network of predicted functional partners of PCNA, RPA1 and MSH6, including LIG1 and FEN1. The most highly associated interacting genes/proteins all exhibited higher expression levels in the cerebellum in comparison to the striatum in our data set (Supplementary Material, Table S5 ). The majority of the genes revealed by STRING analysis belong to the KEGG Pathway for the 'DNA replication complex'. The DNA replication complex is an enriched pathway in the cerebellum compared with the striatum in the microarray data, revealing that a substantial number of key players in the pathway are differentially regulated between the two tissue types. Proteins involved in DNA replication are critically important for maintaining DNA integrity, when DNA damage occurs (1) . Our data thus suggest that increased expression of DNA metabolism genes in the cerebellum may contribute to the stability of CAG repeat expansions in this brain region.
Confirmation of RNA expression level changes for Pcna, Rpa1, Msh6, Lig1 and Fen1
To confirm that the DNA replication complex is enriched in the cerebellum in comparison to the striatum, we performed realtime RT -PCR analysis on Pcna, Rpa1, Msh6, Lig1 and Fen1 using the TaqMan approach (38) . Significant enrichment (P , 0.01) was detected for Pcna, Rpa1, Msh6, Lig1 and Fen1 in the cerebellum compared with the striatum in 40-week-old C57BL/6J mice (Fig. 1C) . These results confirm the alterations reported for the microarray expression comparisons, and further validate the findings of this microarray study.
PCNA, RPA1 and MMR proteins are markedly enriched in cerebellum
As gene transcript expression levels may not correlate with protein expression levels (39) , we chose to analyze cerebellar and striatal protein levels of PCNA, RPA1 and the three principal MMR proteins, MSH2, MSH3 and MSH6, as they form a set of multimeric complexes: MutSa (MSH2-MSH6) and MutSb (MSH2-MSH3). Protein lysates were obtained from the cerebellum and striatum of six 40-week-old wild-type C57BL/6J mice, and MMR protein levels were measured by simultaneous western blot analysis, an established and previously published method for sensitive detection of MMR expression level variation (39) (40) (41) (42) . Using this approach, we found that all three MMR proteins were markedly enriched in the cerebellum compared with the striatum ( Fig. 2A ). MSH6 protein expression was enriched by 2.3-fold, MSH3 protein expression was enriched by 2.3-fold and MSH2 protein expression was enriched by 4.4-fold in the cerebellum versus the striatum ( Fig. 2A) . Western blot analysis of RPA1 and PCNA also revealed higher protein expression levels in the cerebellum ( Fig. 2B and C). Cerebellar RPA1 protein expression was enriched by 3.6-fold and cerebellar PCNA protein expression was enriched by 13-fold ( Fig. 2B and C).
Brain region-specific differences in Pcna, Rpa1, Msh6, Lig1 and Fen1 are age-independent
The cerebellum and striatum have very different cellular compositions; hence, expression differences in the two tissues could be due to age or to the intrinsic nature of the tissues. We therefore dissected the striatum and cerebellum from six 8-week-old C57BL/6J mice, three males and three females, using half of the tissue for RNA isolation and the other half for protein extraction. As in the aged tissues, we observed significantly increased RNA expression levels (P , 0.005) for Pcna, Rpa1, Msh6, Lig1 and Fen1 in the cerebellum in comparison to the striatum in 8-week-old mice (Fig. 3A) . Western blot analysis of RPA and PCNA similarly revealed considerably higher protein expression levels in the cerebellum (Fig. 3B ). We also found that MSH2 and MSH3 proteins are markedly enriched in the cerebellum compared with the striatum, while MSH6 expression levels were too low to permit quantitative comparison (Fig. 3B ).
MMR expression levels are not affected by polyglutamine disease protein expression or age
Although the expression levels of MMR genes did not change within a tissue with age, we wondered if the presence of an expressed CAG repeat expansion might alter the levels of these protein factors, especially since MMR proteins have been directly implicated in somatic repeat instability (17) . To address this, we measured the expression levels of Msh2, Msh3 and Msh6 in the striatum and cerebellum of wild-type (WT) control mice and in HD R6/2 transgenic mice, a line that carries a 250 CAG repeat and shows marked age-dependent instability in CAG repeat length (16) . We found that the RNA expression levels of Msh2, Msh3 and Msh6 do not significantly change in R6/2 mice at two different ages, 13 weeks (presymptomatic) and 42 weeks (symptomatic with documented somatic mosaicism), and noted that MMR RNA expression levels in HD R6/2 mice were similar to the levels measured in WT control mice (Fig. 4) . These findings indicate that MMR gene expression is not altered by polyglutamine-expanded protein expression or on-going disease. We also performed quantitative western blot analysis, and did not observe any effect of the expressed polyglutamine-expanded protein on MSH2, MSH3 and MSH6 protein levels between 13-week-old or 42-week-old R6/2 mice and WT controls (Fig. 5 ).
Tissue-specific patterns of CAG instability and MMR expression levels show no correlation
We next examined whether the expression of MMR protein levels might correlate with the levels or pattern of trinucleotide repeat instability in tissues of HD mice. Using simultaneous western blot analysis to obtain the relative expression levels of MSH2, MSH3 and MSH6 proteins in different tissue samples, we found that MSH2, MSH3 and MSH6 protein levels vary Figure 2 . DNA replication and repair protein expression levels are significantly increased in the cerebellum. (A) Mismatch repair (MMR) protein expression levels in the cerebellum and the striatum from six age-matched C57BL/6 mice were analyzed by the simo-blot technique. MMR protein levels were quantified by Image J, normalized to actin and presented to the right in arbitrary units, with striatal expression level for each MMR protein arbitrarily set to 1. Cerebellar MMR protein expression is significantly higher for each MMR protein in comparison to striatum MMR protein expression (mean + s.e.m., three independent experiments; * P , 0.05; t-test). (B) Proliferating cell nuclear antigen (PCNA) protein expression levels in the cerebellum and the striatum from six age-matched C57BL/6 mice were analyzed by western blot analysis. PCNA protein levels were quantified by Image J, normalized to actin, and presented to the right in arbitrary units, with striatal expression level arbitrarily set to 1. Cerebellar PCNA protein expression is significantly higher in comparison to striatum PCNA protein expression (mean + s.e.m., three independent experiments; * P , 0.05; t-test). (C) Replication protein A1 (RPA1) protein expression levels in the cerebellum and the striatum from six age-matched C57BL/6 mice were analyzed by western blot analysis. RPA protein levels were quantified by Image J, normalized to actin and presented to the right in arbitrary units, with striatal expression level arbitrarily set to 1. Cerebellar RPA protein expression is significantly higher in comparison to striatum RPA protein expression (mean + s.e.m., three independent experiments; * P , 0.05; t-test).
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widely between tissues from WT control mice, with MMR protein expression highest in thymus and spleen, intermediate in striatum and liver, and lowest in skeletal muscle and heart (Fig. 6A ). When we compared the level of MMR protein expression in different mouse tissues to the extent of somatic repeat instability documented for these same tissues in HD R6/2 mice (16), we found that for certain tissues (cerebellum, spleen, thymus), high MMR expression correlates with reduced somatic mosaicism, but for other tissues (kidney, muscle), MMR expression level does not correlate with somatic repeat instability (Fig. 6B) . These results underscore the complexity of the repeat instability process, and indicate that MMR protein expression is but one factor in determining the extent of repeat instability in a given tissue.
Expression levels of PCNA, RPA1, MSH6, LIG1 and FEN1 in human striatum and cerebellum parallel expression levels observed in mice
To determine if these findings are potentially relevant to human patients afflicted with CAG/CTG repeat expansion disorders, we evaluated the levels of candidate DNA metabolism genes in adult cerebellum and striatum RNA samples isolated from unaffected human individuals as well as from HD patients. Realtime RT -PCR analysis of human cerebellum and striatum samples revealed increased expression of RPA1, MSH6, LIG1 and FEN1 in the cerebellum in comparison to the striatum for these DNA metabolism and repair genes in both unaffected controls and in affected HD patients ( Fig. 7A and B) . Interestingly, although PCNA was more highly expressed in the cerebellum of unaffected controls in comparison to striatum, PCNA expression levels in HD cerebellum and striatum were comparable.
DISCUSSION
Despite years of intensive study, the molecular basis of repeat instability in TNR disease remains enigmatic, particularly, with regard to tissue-selectivity. Investigations into the mechanistic basis of the repeat instability process have spanned a wide range of model organisms, in vitro systems, and cell-culture approaches. These studies have shown that expanded repeat tracts have the propensity to adopt aberrant structures at the DNA/RNA level, including hairpins, slipped-DNAs, triplexes and R-loops, and that the predisposition to adopt such altered DNA/RNA conformations is what renders expanded repeats susceptible to high rates of germ line and somatic instability (43) (44) (45) (46) (47) (48) (49) (50) . In light of the importance of DNA structures and biology for repeat instability, pathways of DNA metabolism and repair emerged as likely candidates for involvement in the molecular basis of repeat instability. DNA replication and MMR are thus viewed as central to the instability process, although the exact nature of how these processes promote repeat instability and whether they act independently or in concert to yield repeat length change remains uncertain (2,34,51 -54) . Experiments in both mouse models and human patients have shown that patterns of repeat instability in the different CAG/CTG repeat diseases are constant across specific brain regions, despite the fact that the different diseases exhibit distinct regional vulnerabilities and involve unique gene loci distributed throughout the genome. In this study, we applied microarray analysis to identify gene expression differences between the striatum and the cerebellum to determine potential molecular explanations for these observed repeat instability differences. We identified eight candidate factors, and then verified the differential expression of the leading candidates. We found that their expression did not change with advanced age or upon polyglutamine-expanded disease protein expression. Our findings provide insight into why repeat instability differences may exist between the striatum, a site of marked somatic mosaicism, and the cerebellum, a brain region with limited repeat length variation.
To delineate the molecular processes underlying repeat instability, we performed a microarray expression analysis comparison of striatum and cerebellum RNAs, and chose to compare aged tissues, since repeat instability increases with time in somatic tissues. Surprisingly, we found that certain DNA replication and DNA repair genes and proteins are more highly expressed in the cerebellum, where somatic mosaicism is limited. This was unexpected, as numerous repeat instability studies in mice have shown that MMR gene expression is required for enhanced somatic repeat expansion (17, 35, (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) . These prior mouse studies demonstrated that contractions Figure 3 . DNA replication and repair genes display elevated RNA and protein expression in the cerebellum in young mice. (A) The RNA expression levels for Rpa1, Pcna, Msh6, Lig1 and Fen1 were quantified by real-time RT-PCR analysis for sets of cerebellum and striatum samples (n ¼ 6/group) for 8-week-old mice. Significant mean elevations for all five genes were detected in the cerebellum when compared with the striatum (mean + s.e.m., three independent experiments; * * P , 0.01; t-test). b-actin served as an internal normalization control. (B) Western blot analysis of MSH2, MSH3, MSH6, PCNA and RPA1 proteins in the cerebellum of 8-week-old C57BL/6J mice confirmed elevated RNA expression levels.
arise and expansions are suppressed in the absence of MMR, suggesting that MMR is required to promote CAG/CTG repeat expansion. In light of previous work, we conclude that a baseline level of MMR protein expression is required for dramatic expansion-biased repeat instability to occur, as is the case in the striatum, but when DNA metabolism enzymes and MMR proteins are expressed at much higher levels, as in the cerebellum, pronounced repeat instability does not occur. A biphasic model for MMR and DNA metabolism pathway regulation of TNR instability is presented in Figure 8 . According to this model, high levels of MMR proteins and DNA metabolism factors in the cerebellum favor conditions that stabilize expanded CAG repeats and prevent their expansion, although the mechanisms for reduced repeat instability remain unclear. One possible explanation is that excessively high expression levels yield impaired enzymatic function, as direct modulation of MSH3 levels in a prior study demonstrated that MMR function is impaired when MSH3 is very highly expressed (39) . Consequently, a threshold level of DNA metabolism and MMR gene expression might promote repeat instability, as it would yield initiation of a robust repair process destined to be unsuccessful, and instead produce CAG repeat expansions.
Another recent investigation into the role of trans-acting factors in somatic instability reported that differences in MMR protein expression or DNA metabolism pathways do not account for brain region variations in somatic mosaicism in HD model mice (65) . However, in this work, western blot analysis of MSH2 revealed a dramatic increase in MSH2 protein levels in the cerebellum in comparison to striatum, though dual comparison of sets of stable and unstable tissues did not Figure 4 . Polyglutamine-expanded huntingtin does not alter MMR RNA expression levels in cerebellum and striatum, even in aged mice. Real-time RT-PCR analysis of Msh2, Msh3 and Msh6 in the striatum and cerebellum of HD R6/2 mice (HD), carrying a hyper-expanded CAG repeat expansion (255-258 units at 13 weeks; 347-350 units at 43 weeks), and for littermate non-transgenic wild-type (WT) controls (n ¼ 3/group). RNA expression levels for each tissue sample set for a given target (i.e. each 'box') are given relative to the 13-week-old WT result, which was arbitrarily set to 1 (mean + s.e.m., three independent experiments; P ¼ n.s.; t-test). 18S RNA served as the internal control.
1612
Human Molecular Genetics, 2014, Vol. 23, No. 6 support a correlation between MSH2 levels and instability, when non-CNS tissues were included (65) . Interestingly, of 74 downregulated genes with Pearson coefficient correlations that were weak to moderate, 63 fell within the DNA metabolism gene class, suggesting that DNA metabolism gene expression patterns may correspond with regional instability differences (65) . It is also noteworthy that MMR gene expression is markedly downregulated in human embryonic stem cells derived from DM1 parents with expanded CTG repeats, a phenomenon coincident with the loss of spontaneous CTG instability (42) . Similar to MSH2 and MSH3, perturbation of DNA Ligase 1, FEN1, XPA and other DNA repair proteins has been reported to alter CAG instability (66) (67) (68) (69) (70) , and a recent screen for genes affecting GAA instability in dividing and non-dividing yeast cells also yielded DNA metabolism factors, including POL30 (Pcna), MCM7 and RAD27 (Fen1) (71), all of which were identified in our microarray expression comparison. These reported observations, along with data presented here, indicate that trinucleotide repeat instabilities of various natures and in various eukaryotic systems are all associated with perturbation of DNA repair mechanisms. This is intriguing and suggests a major and conserved role of DNA repair factors in monitoring repeat sequences. Tightly controlled expression of MMR genes could be essential for fine-tuning the DNA replication machinery and may thus underlie a universal mechanism to keep repeat expansions in check. Another approach for modeling repeat instability has been to develop induced pluripotent stem cell (iPSC) models, and this strategy has yielded pronounced expansion-biased instability in iPSCs and iPSC derivatives from Friedreich's ataxia (FRDA) patients (72) . Directed Figure 5 . Polyglutamine-expanded huntingtin does not alter MMR protein expression levels in cerebellum and striatum, even in aged mice. Western blot analysis of MSH2, MSH3 and MSH6 proteins in the striatum and cerebellum for HD R6/2 mice (HD), carrying a hyper-expanded CAG repeat expansion (255-258 units at 13 weeks; 347-350 units at 43 weeks) and for littermate non-transgenic wild-type (WT) controls (n ¼ 3/group). b-actin was used as a loading control for expression level normalization, and protein expression levels for each tissue sample set for a given target (i.e. each 'box') are given relative to the 13-week-old WT result, which was arbitrarily set to 1 (mean + s.e.m., three independent experiments; P ¼ n.s.; t-test).
studies of MMR using the FRDA iPSC model system found that reduced expression of MSH2 or MSH6 could diminish GAA repeat instability (72) , which is consistent with the threshold model proposed here (Fig. 8) .
To clarify the nature of MMR protein expression change as a function of age and in the face of polyglutamine neurodegeneration, we measured MMR expression levels in young mice and in the R6/2 HD mouse model. In both cases, we observed increased MMR expression in the cerebellum compared with the striatum, and did not detect altered MMR expression in young mice or in the brains of the HD R6/2 mice. This is consistent with a recent study that examined the role of trans-acting factors in regional instability differences in HD knock-in mice (65) . This previous work also evaluated the effect of neurodegeneration in the cerebellum by crossing a HD knock-in mouse model with the Harlequin (Hq) model of cerebellum degeneration, and reported no increase in somatic repeat instability in the cerebella of HD knock-in mice carrying the Hq mutation (65) . Hence, it appears that the cellular changes that accompany neurodegeneration do not further enhance the pathways that promote repeat instability in somatic tissues in the brain.
Although our study reinforces a role for DNA replication and MMR in regulating repeat instability, we found that differences in MMR protein expression cannot fully account for repeat instability differences resulting from advancing age or for somatic mosaicism differences between certain tissues. Our findings indicate that factors other than just MMR protein expression level must contribute to the complex process of repeat expansion. One possible explanation is that with age or in certain tissues, the ability for alternative structures to form increases. There are many reasons why DNA conformation change could be favored with age or in certain tissue milieus, including increasing oxidative damage to DNA or accumulation of epigenetic alterations at the level of histone modification status in chromatin (73) . Hence, future studies of repeat instability will need to consider a variety of processes influencing DNA metabolism and repair, especially epigenetic regulatory pathways, as epigenetic processes are emerging as powerful regulators of MMR (74) , and repeat instability differences due to parentof-origin effects and aging likely reflect fundamentally distinct epigenetic processes at work in these varying milieus.
We have provided a possible molecular explanation for repeat stability in the cerebellum relative to repeat instability in the striatum. While HD suffers from striatal degeneration and the 
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Human Molecular Genetics, 2014, Vol. 23, No. 6 cerebellum is spared, many SCAs exhibit cerebellar degeneration. These paradoxical findings suggest that regional patterns of somatic CAG repeat instability do not account for selective neuronal vulnerability to degeneration. However, although there is commonality in patterns of CAG repeat instability among many of the CAG polyglutamine diseases, patterns of CAG repeat instability between different brain regions are not fully shared for all of the various CAG repeat disorders (11, 75) . Such variation suggests that locus-specific factors also contribute to the process of somatic instability (6, 76) . Hence, variations in somatic instability between different CAG repeat disease loci may reflect the influence of polymorphisms or flanking sequences surrounding each disease gene. Consequently, to understand the molecular basis of the CAG repeat instability process, we ultimately will need to understand how cis-acting elements and trans-acting factors interact at each locus and in each different tissue milieu. Instead of only relying upon mouse models to examine the molecular basis of TNR instability, we obtained human cerebellum and striatum RNA samples to determine whether the changes identified in mouse brain also occur in the human brain. We confirmed that in HD patients, as well as in normal human controls, both DNA metabolism genes and MMR genes are more highly expressed in the cerebellum than in the striatum, with one exception-PCNA. These findings thus support a role for DNA metabolism and MMR gene expression in the somatic instability differences documented between the striatum and the cerebellum in post-mortem materials obtained from human patients afflicted with CAG/CTG repeat disease (8) . Certainly, one fascinating aspect of the TNR disease field is the uniqueness of these diseases in the human, especially when one considers that the dramatic expansion-biased repeat instability seen in human disease does not occur naturally in related mammalian species or model organisms. While a set of examples of repeat-associated pathology has been reported in plants and in a canine species, neither of these repeats demonstrates the dramatic repeat instability seen in human patients (2, 34) . Hence, understanding the biology of repeat instability holds the potential for unlocking one of the most perplexing mysteries of this uniquely human disease category, and perhaps may shed light on the evolutionary processes that promoted the relatively rapid rise of the human species from a small founder population more than 150 000 years ago.
MATERIALS AND METHODS
Mice
WT C57BL/6J and CBA × C57BL/6J mice were obtained from the Jackson Laboratories. All animal experiments adhered to National Institute of Health (NIH) guidelines and were approved by the University of California, San Diego Institutional Animal Care and Use Committee (IACUC). HD and WT mice bred on a CBA × C57BL/6 F1 background were taken from an allelic series colony established at the University of Cambridge as previously described (77) . Genotyping and repeat length measurement were performed by Laragen, Los Angeles, USA. All studies were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986. In the present study, we used R6/2 mice carrying a repeat length of either 256 or 346 CAG repeats.
Nucleic acid studies
Total RNA was extracted from striatum and cerebellum frozen tissues of 13-and 42-week-old WT and HD (R6/2) mice, using RNeasy mini kit from Qiagen. Reverse transcription was performed with 500 ng of total RNA and SuperScript TM II Reverse Transcriptase (Invitrogen), using hexamer primers. Total RNA was extracted from fresh striatum and cerebellum tissues of 8-and 40-week-old WT C57BL/6 mice, using TRIzol reagent from Invitrogen using their standard protocol. Reverse transcription was done using 1 mg of total RNA and MultiScribe For human striatal and cerebellar studies experiments were carried out as described earlier using PCNA (Hs_00696862_ m1), RPA1 (Hs_00161419_m1), Msh6 (Hs_00264721_m1), Lig1 (Hs_01553527_m1) and Fen1 (Hs_ 00748727_s1) and b-actin (Hs_01060665_g1) as control [Taqman (life sciences/ ABI)] for real-time PCR analysis. Unaffected striatal and cerebellar RNA samples were purchased from Agilent Technologies, and HD affected tissue samples were obtained from the UCSD CNS Neurodegeneration Repository and were processed as described earlier for 8-and 40-week WT C57BL/6 mice. Figure 8 . Model for biphasic MMR and DNA metabolism pathway regulation of repeat instability. According to this model, a threshold level of DNA metabolism gene expression and MMR protein expression is required for pronounced repeat instability to occur, which is the situation in the striatum. However, when DNA replication and MMR expression levels are below this threshold, repeat instability does not occur, as is the case for repeat instability mice crossed onto a Msh knock-out background. Similarly, when elevated levels of expression for both DNA replication and MMR proteins are achieved, as observed for the cerebellum, repeat instability is also suppressed.
MMR Real-time PCR experiments on HD and CBA WT [SybR green (Roche) with dissociation curve] were performed using an Mx3005P cycler (Strategen). Specific primers for each tested genes and for 18S mouse endogenous control were designed using NCBI primer-Blast (discussed subsequently). Standard curves were generated for each gene of interest using serial dilutions of testis mouse cDNAs. Heat map generation
The heat map of transformed intensities was generated using matlab with the following script:
.. [x,y,z]¼xlsread('C:file');
.. c¼corrcoef(x); .. imagesc(c);
Western blot analysis
We determined the MSH2, MSH3 and MSH6 protein expression in WT and HD mice (CBAxC57Bl/6) by simultaneously western blotting of MSH2, MSH3, MSH6 and Actin (as a loading control) (40) . The different tissues were collected from WT C57BL/6 mice killed at 8 or 40 weeks or R6/2 and wild-type littermate control mice killed at either 13.7 or 42 weeks of age. Proteins were extracted by mechanical homogenisation in lysis buffer (0.125 M Tris -HCl pH 6.8, 4% SDS, 10% glycerol) containing complete Mini 7x protease inhibitor cocktail (Roche). Protein concentration was determined using the Pierce BCA protein assay kit. Forty micrograms of protein was denatured for 5 min at 95C8 resolved by electrophoresis on a 8% polyacrylamide SDS -PAGE gel and electroblotted in transfer buffer (25 mM Tris -HCl pH 8.0, 192 mM glycine, 20% methanol and 0.1% SDS) at 300 mA at 48C. Membranes were blocked for 1 h at room temperature in 5% milk in PBST ×1 then incubated overnight at 48C in simultaneous primary antibodies. The membranes were washed three times for 20 min each in PBST, incubated for 1 h in secondary antibody (GE healthcare, a-mouse-HRP, 1:5000) at room temperature for MSH2, MSH3, MSH6, PCNA, RPA and for actin, and washed three times for 20 min each. Antibody binding was visualized using ECL plus western blotting detection system (Amersham). MSH2, MSH6, MSH3 and actin were detected using antibodies mouse anti-MSH2 (Calbiochem, 1:200), mouse anti-MSH6 (BD Laboratories, 1:200), MSH3 antibody, clone 2F11 (from Glenn Morris's lab, 1:750) (78), monoclonal mouse anti-PCNA (PC10) (Santa Cruz, cat. # Sc-56, dilution: 1/1000), monoclonal mouse anti-RPA 70 kDa subunit (B-6) (Santa Cruz, cat. no Sc-28304, dilution 1/1000) and Actin (BD Laboratories, 1:5000). Each experiment was reproduced at least three times for each protein tested.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
